Background Patients with early-stage pancreatic neuroendocrine tumors (PNETs) may develop metastatic recurrences despite undergoing potentially curative pancreas resections. We sought to identify factors predictive of metastatic recurrences and develop a prognostication strategy to predict recurrence-free survival (RFS) in resected PNETs. Methods Patients with localized PNETs undergoing surgical resection between 1989 and 2015 were identified. Univariate and multivariate analysis were used to identify potential predictors of post-resection metastasis. A score-based prognostication system was devised using the identified factors. The bootstrap model validation methodology was utilized to estimate the external validity of the proposed prognostication strategy. Results Of the 140 patients with completely resected early-stage PNETs, overall 5-and 10-year RFS were 84.6% and 67.1%, respectively. The median follow-up was 56 months. Multivariate analysis identified tumor size > 5 cm, Ki-67 index 8-20%, lymph node involvement, and high histologic grade (G3, or Ki-67 > 20%) as independent predictors of post-resection metastatic recurrence. A scoring system based on these factors stratified patients into three prognostic categories with distinct 5-year RFS: 96.9%, 54.8%, and 33.3% (P < 0.0001). The bootstrap model validation methodology projected our proposed prognostication strategy to retain a high predictive accuracy even when applied in an external dataset (validated c-index of 0.81). Conclusions The combination of tumor size, LN status, grade, and Ki-67 was identified as the most highly predictive indicators of metastatic recurrences in resected PNETs. The proposed prognostication strategy may help stratify patients for adjuvant therapies, enhanced surveillance protocols and future clinical trials.
Introduction
The incidence of pancreatic neuroendocrine tumors (PNETs) has risen significantly in recent years. Improvement in diagnostic capabilities and increased awareness of this relatively rare disease likely explains the 2-3-fold increase in its incidence over the past decade.
1-3 While most PNETs have relatively indolent biology with most tumors amenable to potentially curative surgical resection, a small fraction exhibits highly aggressive biological behaviors. 4 Clinically, this can manifest as a future metastatic recurrence despite prior surgery with curative intent. In practice, the identification of those patients who have the greatest likelihood for the development of recurrence is of paramount importance, because interventions such as adjuvant chemotherapy, somatostatin analogues, or peptide receptor radiotherapy (PRRT) would be considered for those patients.
The American Joint Committee on Cancer (AJCC) and the European Neuroendocrine Tumor Society (ENETS) have proposed staging classification systems specific for PNETs. 5, 6 Although their prognostic performances for overall survival have been well recognized, their abilities to predict for the development of post-resection distant relapses remain suboptimal. 7 Prior studies have reported on a number of potential clinical and pathologic factors with prognostic implications in PNETs, including patient age, tumor size, lymph node status, tumor grade, and Ki-67 proliferation index. 2, [8] [9] [10] [11] [12] [13] However, a prognostication strategy that predicts for the risk of metastatic recurrence following PNET resection remains ill-defined, especially for intermediate (G2)-grade tumors that are known to have high prognostic uncertainty.
Adjuvant therapy in patients with resected PNETs is not recommended in the current clinical practice given the lack of data to support its use. However, its role and efficacy in the subgroup of patients at high risk for metastatic recurrences would be considered if there was a validated prognostication system. A simplified, clinically useful prognostication strategy that identifies this high-risk subgroup may allow for an improved decision-making with respect to the delivery of adjuvant therapy as well as postoperative surveillance strategies. Accordingly, our aim was to identify clinicopathologic factors that are prognostic for metastatic recurrences in resected PNETs. Using these prognostic factors, we further sought to devise a clinically useful prognostication strategy to identify the subgroup of postoperative patients who are at an increased risk for future metastatic recurrence.
Methods

Patient Selection and Data Acquisition
We reviewed records of patients undergoing surgical resection for PNETs between 1989 and 2015 with the approval from the UCLA School of Medicine Institutional Review Board. Clinical and pathologic data obtained included age, gender, tumor location, type of surgery, tumor pathologic features, tumor recurrences, and overall survival. Tumor pathologic characteristics were obtained from pathology reports. Grade was determined according to the World Health Organization (WHO) 2010 Classification System. Ki-67 proliferation index was determined from pathology reports. For cases prior to 2010 in which Ki-67 proliferation index was not routinely examined, archived tissues were reassessed for Ki-67 proliferation index. Patients were excluded from analysis if they had positive margins, metastatic disease at the time of initial surgery, underwent enucleation, or had missing information on key tumor pathologic features. Patients were followed in the postoperative period at 3-6-month interval initially and then 6-12-month interval afterwards. Radiographic imaging was obtained for the surveillance of recurrence at the time of follow-up. All post-resection metastatic recurrence was defined as the evidence of metastatic disease noted on radiographic evaluation.
Identification of Prognostic Factors Predicting Recurrence-Free Survival
Follow-up time was defined as the time to the last known date the patient was alive (for overall survival)/disease free (for recurrence free survival) or the date of death/metastatic recurrence. Overall survival (OS) and recurrence-free survival (RFS) were estimated using the Kaplan-Meier method and compared using the log-rank test. Univariate Cox regression analysis was performed to evaluate individual factors for their associations with metastatic recurrence. For continuous variables, including the Ki-67 cutoff, the optimal cutoff point was determined by fitting the dichotomized variable to a Cox proportional hazard model, and then determining the point with the most significant split in RFS as defined by the log-rank test.
14 Multivariate backward stepwise Cox regression analysis was used to identify independent prognostic factors for RFS in post-resection PNETs. Akaike information criterion (AIC) values were used for variable selection. Harrell's concordance index (c-index) was employed for quantification of prognostic factors' predictive accuracies. 15 The c-index measures the accuracy of predicted outcomes compared to actual outcomes. For any random pairs of patients selected from a sample, the c-index is the probability that a patient who has recurrence first also had a shorter predicted RFS (higher predicted risk) as determined by the prognostic factor. An index of 0.5 indicates that a predictive factor has no predictive power over chance alone, whereas a c-index of 1 suggests correct outcome prediction in all cases.
Development of a Prognostic Score System
Prognostic factors identified from above were used to devise a prognostic scoring system. Point value was assigned to each factor based on the regression coefficients (B coefficients) of the Cox regression analysis. The resulting scores were then used to categorize patients into three distinct prognostic groups based on 5-year RFS. Harrell's cindex was used to determine the predictive accuracy of this prognostication strategy.
Validation of the Prognostic Factors and the Score System
Performance evaluation of a prediction model on the same original dataset used to develop the model itself (Bapparent performance^) results in optimism bias from overfitting. This leads to a significant overestimation of the predictive accuracy of the model when it is applied to a new set of external validation samples. To correct this bias and to estimate the true predictive accuracy of the prognostic factors/ score system when they are applied to an external dataset, we utilized the bootstrap methodology with 1000 resamples for validation. Bootstrapping methodology replicates the process of sampling from a population, by drawing samples with replacement from the original dataset. Each Bbootstrap^sam-ple is then used as a Btraining^set to develop its own prediction model, allowing for prognostic factor selection and model fitting at every resample. The original dataset is then used as a Btesting^set to evaluate the performance of the model generated from the Btraining^(bootstrap sample) set. The difference in prediction performance between the Btraining^set and the Btesting^set is defined as the Boptimism^error. This process is repeated 1000 times and the optimism errors are averaged. The true predictive accuracy of a model is then defined as apparent performance -optimism error = true performance. Bootstrapping methodology has been described to provide a nearly unbiased estimate of predictive model performance in an external dataset and is often employed to validate a prediction model when a validation cohort is not available. 15 
Statistical Analysis
Continuous variables were examined using Student t test. Categorical variables were evaluated with the chi-squire test. P values < 0.05 were defined as statistically significant. All statistical analyses were performed using the R program (version 2.12.0: www.r-project.org).
Results
Patient Demographics and Tumor Characteristics
A total of 171 patients underwent pancreatic resections for PNETs between 1989 and 2015. Of these patients, 31 were excluded from the current study for having metastatic disease at the time of initial surgery, positive margins in resected surgical specimens, and/or underwent an enucleation procedure. The final study group consisted of 140 patients who underwent pancreatic resections for localized PNETs with negative margins. Table 1 summarizes the patient demographics and tumor characteristics. The median age was 58 (interquartile range (IQR), 46-68). The mean tumor size was 3.2 cm (0.4-12.5 cm), and tumors were more commonly located in body/tail compared to the head of pancreas (57.1% vs. 42.9%). The majority of tumors were nonfunctional (85.7%). Applying the WHO grade classification system, 50.7% were low grade (G1), 45.0% were intermediate grade (G2), and 4.3% were high grade (G3). All G3 tumors had Ki67 index > 20%. Lymph node (LN) involvement was found in 31 patients (22.1%).
Follow-up and Outcomes
The median follow-up of survivors was 56 months from the time of surgical resection. Overall 5-year and 10-year survival rates were 90.6% and 83.5%, respectively. Metastatic recurrences were found in 23 (16.4%) patients. All cases with metastatic recurrences occurred within the liver, with additional peritoneal carcinomatosis and bone metastasis in 2 patients. The 5-year and 10-year RFS were 84.6% and 67.1%, respectively. Median time to metastatic recurrence was 3.84 years (IQR, 1.89-6.67).
Prognostic Factors for PNET Post-Resection Metastatic Recurrences
On univariate analysis ( 
Prognostication Strategy for Predicting Metastatic Recurrence in PNETs Following a Potentially Curative Pancreas Resection
In order to devise a clinically applicable prognostication strategy, we developed a score system for post-resection metastatic recurrence risk stratification. This system assigns 1 point each for tumor size > 5 cm, Ki-67 index 8-20%, and positive LN and 2 point for Ki-67 index > 20% (equivalent to high (G3) grade). Point values were assigned based on the regression coefficients. As determined by the summation of points, patients were categorized into three prognostic groups: indolent (score, 0-1; 5-year RFS, 96.9%), intermediate (score, 2; 5-year RFS, 54.8%), or aggressive (score, 3-4; 5-year RFS, 33.3%). This prognostication strategy effectively stratified patients according to their risks of post-resection metastatic recurrence (Fig. 1) 6 ; P < 0.0001 for all) compared to patients in the indolent group (score, 0-1) ( Table 3 ). In a multivariate Cox regression model including the score-based prognostic grouping and clinicopathological factors not used for scoring, the score-based prognostic group was the only variable that remained as an independent predictor of RFS (Table 4) .
The predictive accuracy of the score-based prognostication strategy, as measured by the c-index, was 0.82 (CI, 0.72-0.92). Using this integrated strategy for prognosis prediction resulted in a superior predictive accuracy compared to using individual prognostic factors alone (Table 5) .
Lastly, bootstrapping with 1000 resamples was utilized for validation. The corrected c-index after adjusting for the optimism error remained at 0.81. This was a significant improvement compared to the AJCC (c-index, 0.70), ENETS (0.69), and WHO (0.72) classifications.
Predictive Performance of the Score-Based Prognostication Strategy for WHO Low-(G1) and Intermediate-Grade (G2) Tumors
In our current series, we found metastatic recurrences in 5 of 6 (83.3%) patients with G3 tumors, compared to 4 of 72 (5.56%) patients with G1 tumors and 14 of 62 (22.6%) patients with G2 tumors. The current WHO classification effectively identifies the small number of patients with G3 tumors that have an extremely high likelihood of developing metastatic recurrence. However, identifying patients at risk for recurrence within the G1/G2 histologic groups remains a significant challenge and leads to patient/physician anxiety. Notably, despite the fact that only 13.4% (18 of 134) of G1/G2 tumors developed recurrence while 83.3% (5 of 6) of G3 tumors developed recurrence, G1/G2 tumors still comprised approximately 80% (18 of 23) of all metastatic recurrence observed in our current cohort. This highlights the importance of further risk stratification within the G1/G2 groups.
Given the high prognostic uncertainty associated with the low-/intermediate (G1/G2)-grade tumors, we evaluated the performance of our prognostication strategy applied specifically to this subgroup. By categorizing patients into the indolent vs. intermediate vs. aggressive groups using the scorebased strategy as described above, patients with G1/G2 tumors were effectively stratified according to their risks for post-resection metastatic recurrences (5-year RFS, indolent: 96.9% vs. intermediate: 58% vs. aggressive: 25.0%; P < 0.0001; Fig. 2) . Notably, the score-based prognostic groups applied to G1/G2-only cohort achieved a similar 5-year RFS split as when it was applied to all tumor grades. Cindex of the score-based prognostication strategy applied specifically to patients with G1/G2 tumors was 0.82 (CI, 0.68-0.96). This was a significant improvement compared to using the low-(G1) vs. intermediate (G2)-grade categories for risk stratification (c-index, 0.65).
Discussion
As the incidence of PNET rises each year, there is a strong demand to better understand the natural history to guide optimal management strategies. Prior studies have largely focused on overall survival and included patients with highly varied stages of the disease. In a disease with a broad spectrum of indolent to aggressive biology, as well as a long overall survival, a meaningful and measureable endpoint becomes disease recurrence after a surgery that is meant to be curative. In the current study, we analyzed patients with early stage PNETs who underwent presumed curative formal pancreatic resections. We identified and validated four prognostic factors for post-resection metastatic recurrence: tumor size > 5 cm, positive LN, Ki-67 8-20%, and high grade (G3, or Ki-67 > 20%). We further devised and validated an integrated prognostic Italic -p-value < 0.05 Table 5 Predictive performance of the score-based risk stratification compared to its component prognostic factors Recent studies have evaluated a number of potential prognostic factors for PNET. 1, 8, 10, 13 Consistent with our finding, tumor size, LN status, Ki-67 proliferative index, and tumor grade have all been individually implicated in predicting PNET prognosis. 9, 10, 13 However, their collective role in prognostication remained undefined except within a few prior reports. For instance, Ballian et al. have proposed a prognostication system for disease recurrence based on size, grade, node, and margin (SGNM). 16 Although this study differed from ours in evaluating for all recurrences (both local and metastatic) and included patients with R1 resections, we shared similar findings with regard to size, grade, and nodal status being important predictors of cancer recurrence. One important difference is that our current analysis included the evaluation of Ki-67 index in all tumors tested. Addition of Ki-67 may offer an additional prognostic power, as it has been shown to correlate with malignant potentials independent of histologic grade. [17] [18] [19] Furthermore, using Ki-67 > 8% as a score criterion allows for patient stratification within the prognostically uncertain WHO intermediate-grade (G2) group.
Our proposed prognostication system differs from the currently available PNET staging classification systems in two important ways. First, unlike the currently available AJCC, ENETS, and WHO classifications that consider TNM and histological grade information separately for prognostication, we combined the components of TNM staging (tumor size and lymph node status) with Ki-67 (determinant of tumor grade) to form a single integrated classification system. Secondly, our proposed prognostication system was developed using post-resection metastasis as the primary outcome, as opposed to patient mortality. This may have helped achieve its high predictive accuracy for recurrence-free survival with a c-index of 0.82. In a report by Liu et al., the AJCC, WHO 2010, and ENETS classification systems were evaluated for their roles in predicting recurrence-free survival. 7 The reported c-indices of these systems for the prediction of disease recurrence were 0.65 (AJCC), 0.67 (WHO 2010), and 0.66 (ENETS). Similarly, in a study by Strosberg et al., the AJCC and ENETS TNM classifications were shown to have some prognostic potential for predicting recurrence-free survival, yet they could not achieve statistical significance as independent predictors of disease recurrence on multivariate analysis. 20 These findings suggest a need for an improved prediction of disease recurrence using our proposed system compared to the currently available staging systems.
Currently, no recommendation for adjuvant therapies in resected early-stage PNET exists. Our current study, as well as prior studies, shows that a subset of patients indeed suffers from metastatic recurrences despite R0 resections. 9, 10, 21 Available studies show overall 5-year recurrence-free survival of approximately 60-70%, with an estimated 5-year overall survival of 60%. 2, 20 These findings suggest that a significant subset of patients remain at risk for having a more aggressive form of pNETs that manifest as distant recurrence with worse overall prognosis. Adjuvant therapy to prevent the development of metastatic disease may be indicated specifically in these high-risk patients. Given the overall indolent biology associated with most localized PNETs, identifying these high-risk patients likely to benefit from adjuvant therapies as well as intensified follow-up strategies is highly challenging. Therefore, effective uses of adjuvant therapies must rely on a well-defined prognostication system to identify high-risk patients. We show that our proposed prognostication strategy has the potential to serve this role, as it enables stratification of patients into three very distinct groups: indolent (score, 0-1; 5-year RFS, 96.9%), intermediate (score, 2; 5-year RFS, 54.8%), or aggressive (score, 3-4; 5-year RFS, 33.3%). This score system may be utilized in identifying appropriate patients for future adjuvant therapies or enrollment in enhanced surveillance protocols, especially in patients with low-/intermediate-grade (G1/G2) tumors that are known to have high prognostic uncertainly.
There is currently no data on the effectiveness of adjuvant therapy in patients with resected pNETs. However, potential role of adjuvant therapy has been suggested in poorly differentiated neuroendocrine tumors with high risk for relapse. Recent North American NeuroEndocrine Tumor Society guideline recommends adjuvant therapy with 4-6 cycles of cisplatin or carboplatin plus etoposide in poorly differentiated NETs. 22 Our proposed score system identifies a subset of well-differentiated tumors with similar prognosis to G3 (high-grade, poorly differentiated) tumors. This subset of tumors may potentially benefit from adjuvant therapies and at minimum prompt an adjuvant therapy discussion and potentially be offered a more vigilant follow-up plan over the ensuing 5 years. Further clinical trials targeting specifically the high-risk PNETs patients are needed.
Our current study is limited by its retrospective nature and the use of a single institution experience. Given that routine Ki-67 analysis in PNETs has only recently become widespread in clinical laboratories, we currently will need to wait for few years to ensure adequate follow-up prior to an external validation of our score-based prognostication strategy. In lieu of a mature external data set for validation, the bootstrapping methodology has been described to provide a nearly unbiased estimate of predictive model performance in an external dataset. 15 This computational strategy is often employed to validate a prediction model when a validation cohort is not available. Even after adjusting for the optimism error through bootstrapping with 1000 resamples, we found both the PNET prognostic factors as well as the score-based prognostication strategy to retain their predictive accuracies for post-resection metastatic recurrences.
In conclusion, we show that size > 5 cm, positive LN, Ki-67 8-20%, and high grade tumors (G3, or Ki-67 > 20%) are independent predictors of metastatic recurrence following a potentially curative pancreas resection. Our proposed scorebased prognostication strategy provides an enhanced risk stratification for cancer recurrence and has the potential to guide adjuvant therapy decisions as well as tailor surveillance protocols.
